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ABSTRACT

Reactive oxygen species-mediated oxidation of methionine residues in
protein results in a racemic mixture of R and S forms of methionine sulfoxide
(MetO). MetO is reduced back to methionine by the methionine sulfoxide
reductases MsrA and MsrB. MsrA is specific toward the S form and MsrB is
specific toward the R form of MetO. MsrB is a selenoprotein reported to con-
tain zinc (Zn). To determine the effects of dietary selenium (Se) and Zn on Msr
activity, CD-1 mice (N=16/group) were fed, in a 2×2 design, diets containing
0 or 0.2 µg Se/g and 3 or 15 µg Zn/g. As an oxidative stress, half of the mice
received L-buthionine sulfoximine (BSO; ip; 2 mmol/kg, three times per week
for the last 3 wk); the others received saline. After 9.5 wk, Msr (the combined
specific activities of MsrA and MsrB) was measured in the brain, kidney, and
liver. Se deficiency decreased (p<0.0001) Msr in all three tissues, but Zn had
no direct effect. BSO treatment was expected to result in increased Msr activ-
ity; this was not seen. Additionally, we found that the ratio of MetO to
methionine in liver protein was increased (indicative of oxidative damage) by
Se deficiency. The results show that Se deficiency increases oxidation of
methionyl residues in protein, that Se status affects Msr (most likely through
effects on the selenoprotein MsrB), and that marginal Zn deficiency has little
effect on Msr in liver and kidney. Finally, the results show that the oxidative
effects of limited BSO treatment did not upregulate Msr activity.

Index Entries: Methionine sulfoxide reductase; mice; oxidation; sele-
nium deficiency; zinc.
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INTRODUCTION

The oxidation of protein-bound methionyl residues to the correspon-
ding methionine sulfoxide (MetO) can lead to loss of biological activity in
a variety of proteins (1–3). This loss of activity can be reversed by the
methionine sulfoxide reductases MsrA and MsrB, which catalyze the
reduction of MetO back to methionine (Fig. 1). MsrA has been known for
over four decades (4). However, it was shown that MsrA cannot account
for all Msr activity and that MsrA is stereo-specific for methionine-S-sul-
foxide (5). The nonenzymatic oxidation of methionine produces both
methionine-S-sulfoxide and methionine-R-sulfoxide. MsrB, which is
stereo-specific for methionine-R-sulfoxide, has only recently been discov-
ered (6,7). Furthermore, MsrB was found to be a selenoprotein (6,8) that
also contains 1.08 equivalents of zinc (Zn) (7). The Zn appears to be stably
associated with the protein, as significant Zn remains after extensive dial-
ysis either in the presence of absence of EDTA (7). Thus, both MsrA and
MsrB are important for antioxidant defense. Furthermore, one hypothesis
suggests that free and protein-bound methionine act as scavengers for
reactive oxygen species (ROS) (3); that is, oxidation of methionine residues
to MetO on the surface (away from the active site) of many proteins results
in elimination of ROS without loss of biological activity of the respective
protein. Therefore, it appears that ROS might be eliminated by free
methionine and cellular methionine-containing proteins as long as the Msr
system is functioning properly.

The fact that certain proteins can be inactivated by the oxidation of a
single methionyl residue suggests that the Msr system might function in
the regulation of such proteins (1,9). A very important aspect of this sys-
tem is that both MsrA and MsrB require thioredoxin and the selenium (Se)
dependent enzyme thioredoxin reductase to provide the reducing equiva-
lents necessary for reduction of MetO to methionine (5,10).

The present study was designed to determine the effects of dietary Se
and Zn on the activity of the Msr system. In addition, buthionine sulfox-
imine (BSO) was included as a treatment to induce oxidant stress (inhibits
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Fig. 1. Oxidation of methionine to methionine-S-sulfoxide or methionine-R-
sulfoxide and reduction back to methionine by MsrA or MsrB, respectively.



γ-glutamylcysteine synthetase) for determining whether limited exposure
to this compound affected Msr activity.

MATERIALS AND METHODS

Animals and Diets

Male, weanling CD-1 mice (Charles River Laboratories, Wilmington,
MA) were weighed upon arrival and assigned to each dietary group (N=16
per group) with no statistical difference in initial weight among groups.
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Table 1
Basal Diet

1 Amino acid mix, in g/kg diet: L-arginine, 7.5; L-histi-
dine HCl· H2O, 6.0; L-lysine HCl, 16.5; L-tyrosine, 7.5; L-tryp-
tophan, 2.5; L-phenylalanine, 7.5; L-threonine, 7.5; L-leucine,
11.0; L-isoleucine, 9.0; L-valine, 10.5; glycine, 6.0; L-proline,
4.5; L-glutamic acid, 40.0; L-alanine, 4.0; L-serine, 4.0; L-
aspartic acid, 7.0; L-asparagine, 6.0; L-methionine, 8.2; L-cys-
tine, 3.5.

2 Mineral mix, in g/kg diet: K2SO4, 1.632; CaCl2·2H2O,
1.05; Na2CO3, 1.5; MgO, 0.85; Na2SiO3·9H2O, 0.254; ferric
citrate (16% Fe), 0.22; manganese carbonate (43% Mn),
0.024; cupric carbonate (55% Cu), 0.011; sucrose, 14.44; in
mg/kg diet: KIO3, 0.35; (NH4)6Mo7O24·4H2O, 0.371;
CrK(SO4)2·12H2O, 9.625; H3BO3, 2.853; NaF, 2.223; nickel
carbonate, 2.223; SnO, 0.25; NH4VO3, 0.462; NaAsO2, 0.4.

3 Vitamin mix, in mg/kg diet: nicotinic acid, 30; pan-
tothenic acid, Ca salt, 16; pyridoxine HCl, 7; thiamine
HCl, 6; riboflavin, 6; folic acid, 2; D-biotin, 0.2; vitamin B12
in 0.1% mannitol, 25; DL-α-tocopherol acetate (300 IU/g),
250; retinyl palmitate (250,000 IU/g), 16; vitamin D3
(400,000 IU/g), 2.5; vitamin K1, 1; sucrose, 4638.



Mice were housed in groups of four in a room with controlled temperature
and light. Mice were provided free access to demineralized water and puri-
fied diet. The amino-acid-based diet (Table 1) was supplemented with 0 or
0.2 µg Se (as selenite)/g and 3 or 15 µg Zn (as zinc carbonate)/g. The Se and
Zn requirements for the mouse are estimated to be 0.15 µg Se/g and 10 µg
Zn/g (11). The basal amino-acid-based diet was based on AIN-93 recom-
mendations (12,13) and by analysis contained approx 3 ng Se/g and approx
0.5 µg Zn/g. The mice were fed their respective diets for 9.5 wk. During the
last 3 wk of feeding, one-half of the mice (N=8) from each group were
injected (ip) three times per week with 2 mmol L-buthionine sulfoximine kg
body weight/(Sigma, St. Louis, MO); the other eight mice from each group
were injected with the 0.9% saline vehicle. At the end of wk 9.5, the mice
were anesthetized with xylazine (Rompon, Moboay Inc., Shawnee, KS) and
ketamine (Ketaset, Aveco Inc., Fort Dodge, IA) and killed by exsanguina-
tion. This study was approved by the Animal Care Committee of the Grand
Forks Human Nutrition Research Center, and the mice were maintained in
accordance with the guidelines for the care and use of laboratory animals.

Plasma Homocysteine, Cysteine, and Glutathione

Total (reduced plus oxidized) homocysteine, total cysteine, and total
glutathione were determined in heparinized plasma by using high-per-
formance liquid chromatography (HPLC) according to the procedure of
Durand et al. (14).

Selenium Status

Glutathione peroxidase (GPx) enzyme activity was determined by the
coupled enzymatic method of Paglia and Valentine (15), which uses
hydrogen peroxide (0.15 µM) as the substrate. Thioredoxin reductase
(TRR) activity was determined according to Hintze et al. (16).

Methionine Sulfoxide Reductase

Tissue-specific activity of Msr was determined by the method of
Moskovitz and Stadtman (17). In this assay, the reduction of protein-bound
MetO by Msr was assayed by using dabsyl-R,S-methionine sulfoxide as sub-
strate. The substrate was made by derivitization of L-methionine-R,S-sul-
foxide with dabsyl chloride (4-N,N-dimethylaminoazobenzene- 4′-sulfonyl
chloride) according to Moskovitz et al. (18). Because the substrate was a
racemic mixture, the assay does not differentiate between MsrA and MsrB.

Protein Methionine Sulfoxide

Methionine sulfoxide in liver protein was determined by the method
of Maier et al. (19). The method is based on cyanogen bromide cleavage of
the carboxyl-side peptide of methionine to yield homoserine. However,
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cyanogen bromide does not cleave the bond if the methionine residue is
oxidized to methionine sulfoxide. After cyanogen bromide treatment, the
resultant peptides were hydrolyzed to individual amino acids by the
method of Schilling et al. (20) with the addition of 1% phenol to the 6 N
HCl. Following hydrolysis, amino acid analysis was carried out by the
method of Turnell and Cooper (21). Duplicate samples that were not
treated with cyanogen bromide were carried through the procedure.

Statistical Analyses

Although the mice were housed in groups of four, it was assumed that
the animals within each cage are no more or no less alike than animals in
different cages. Hence, the animal in each cage, rather than the cage itself,
was used as the sampling unit. The data were analyzed by a three-way
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Table 2
Effect of Dietary Se, Zn, and BSO 

on Body Weight, Liver GPx, and TRR

1 Values for Se and Zn are in µg/g diet. BSO/saline: One-half of
the mice (N=8) from each group were injected (ip) three times per week
with 2 mmol L-buthionine sulfoximine/kg body weight; the other
eight mice from each group were injected with the 0.9% saline vehicle.

2 Values are means ± SD, N=8 per group.
3 NS=not significant (p>0.05).



analysis of variance (ANOVA) using the SAS general linear models pro-
gram (SAS Version 9.1; SAS Institute, Cary, NC). Tukey’s contrasts were
used to differentiate among means for variables significantly (p<0.05)
affected by Se, Zn, BSO/saline, or their interactions. For effects of Se on
liver protein MetO/Met ratio, the t-test was used to compare values, with
p<0.05 considered significant. All values are reported as means ± SD.

RESULTS

Table 2 shows that growth over the 9.5 wk of the experiment was not
affected by diet (Se or Zn) or by BSO/saline treatment. The Se status indi-
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Table 3
Effect of Dietary Se, Zn, and BSO Plasma 
Homocysteine (Hcy), Cysteine, and GSH

1 Values for Se and Zn are in µg/g diet. BSO/saline: One-half of
the mice (N=8) from each group were injected (ip) three times per week
with 2 mmol L-buthionine sulfoximine/kg body weight; the other
eight mice from each group were injected with the 0.9% saline vehicle.

2 Values are means ± SD, N=8 per group.
3 NS=not significant (p>0.05).



cators, liver GPx and TRR, were markedly reduced (p<0.0001) in mice fed
the Se-deficient diet. Se interacted with Zn to similarly affect GPx (p=0.035)
and TRR (p=0.023) activities. When Se was adequate, Zn supplementation
decreased the activities of GPx and TRR. However, when Se was low, Zn
supplementation had no effect on the activities.

Plasma homocysteine and cysteine were significantly decreased by Se
deprivation (p<0.0001) (Table 3). Se supplementation to the mice fed the
marginal Zn diet resulted in an increase in plasma homocysteine; there
was no effect on homocysteine by Se supplementation of mice fed the Zn-
adequate diet (Se × Zn, p=0.026). Zn supplementation to mice fed the Se-
adequate diet resulted in a decrease in plasma cysteine; there was no effect
of Zn supplementation on cysteine in the mice fed low Se (Se × Zn,
p=0.005). Dietary Se or Zn or BSO/saline treatment did not significantly
affect plasma GSH.

The effect of dietary Se on the ratio of MetO/methionine in liver pro-
tein is shown in Fig. 2. The ratio of MetO/methionine is increased approx
2.2-fold by Se deficiency (p<0.05). Limited samples were used for this
assay: Only saline-treated animals were used, with marginal and adequate
dietary Zn equally represented at each Se level.

Figures 3–5 show the effect of dietary Se and Zn and of BSO/saline on
the liver, kidney, and brain Msr activity, respectively. In each tissue, Msr
activity is significantly reduced by Se deficiency (p<0.0001). Se deficiency
reduced Msr activity to the greatest extent in the liver (83% reduction) fol-
lowed by the kidney (63% reduction) and then the brain (25% reduction).
Msr activity in the liver was affected by an interaction between Zn and
BSO/saline (p= 0.035; Fig. 3).
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Fig. 2. The effect of dietary Se on the ratio of MetO to methionine (Met) in
liver protein. Values for Se are in µg/g diet. Bars represent means ± SD, N=4 per
group. Only saline-treated animals were used, with marginal and adequate
dietary Zn equally represented at each Se level. *Significant effect (as determined
by the t-test), p<0.05.



Regardless of Se, when Zn was supplemented to the saline-treated
mice, liver Msr activity decreased; supplementation of Zn had no effect on
liver Msr activity in the BSO-treated mice. Regardless of Se or Zn status,
saline treatment (vs BSO) increased kidney Msr activity; this resulted in a
significant treatment effect (Fig. 4; p<0.002). A three-way interaction (Se ×
Zn × BSO/saline) affected brain Msr. Compared to Msr activity in Se-defi-
cient mice, Msr activity was increased by Se supplementation in each
respective Zn–BSO/saline group except in the mice fed 15 µg Zn/g and
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Fig. 3. The effect of dietary Se, Zn, and BSO on liver Msr activity. Values for
Se and Zn are in µg/g diet. BSO/saline: Mice were injected (ip) three times per
week with 2 mmol L-buthionine sulfoximine/kg body weight or with the 0.9%
saline vehicle. Bars represent means ± SD, N=4 per group. Significant effects (as
determined by ANOVA): Se, p<0.0001; Zn × BSO/saline, p<0.035.

Fig. 4. The effect of dietary Se, Zn, and BSO on kidney Msr activity. Values
for Se and Zn are in µg/g diet. BSO/saline: Mice were injected (ip) three times per
week with 2 mmol L-buthionine sulfoximine/kg body weight or with the 0.9%
saline vehicle. Bars represent means ± SD, N=4 per group. Significant effects (as
determined by ANOVA): Se, p<0.0001; BSO/saline, p<0.002.



injected with saline. In this group, supplementation with Se did not result
in an increase in Msr activity.

DISCUSSION

Dietary restriction of Se markedly decreases the activity of Msr from
the liver, kidney, and brain. In this experiment, we measured the combined
activities of MsrA and MsrB by using a substrate that was a racemic mix-
ture: dabsyl-R,S-methionine sulfoxide. By using dabsyl-R-methionine sul-
foxide, Moskovitz and Stadtman (17) showed that Se deficiency
significantly reduced the activity of MsrB in the liver, kidney, and brain; by
using dabsyl-S-methionine sulfoxide, they showed that Se deficiency had
little, if any, effect on MsrA from the same tissues. Thus, the effects
reported in the present experiment are indicative of the effect of Se status
on MsrB. Furthermore, increased MetO relative methionine was seen in
protein from the liver of Se-deficient mice compared to mice fed the Se-
adequate diet (Fig. 2). This would indicate decreased repair by MsrB of
oxidized methionine in protein from Se-deficient mice. These data provide
further support of the antioxidant function of the selenoprotein MsrB.

The 3-µg Zn/g diet was selected to be low in Zn [the requirement for
the mouse is 10 µg/g (11)], but not low enough to cause cyclical feeding
and the growth reduction seen in Zn deficiency (11). Although food intake
was not monitored, the weights of the mice were not affected by dietary
Zn (Table 2). The concentration of Zn in the liver (data not shown) was
slightly, but not significantly, lower (<5%) in the saline-treated mice fed 3
µg Zn/g compared to saline-treated mice fed 15 µg Zn/g. Thus, the low-Zn
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Fig. 5. The effect of dietary Se, Zn, and BSO on brain Msr activity. Values for
Se and Zn are in µg/g diet. BSO/saline: Mice were injected (ip) three times per
week with 2 mmol L-buthionine sulfoximine/kg body weight or with the 0.9%
saline vehicle. Bars represent means ± SD, N=4 per group. Significant effects (as
determined by ANOVA): Se, p<0.0001; Zn, p<0.002; Se χ Zn, p<0.002; Se × Zn χ
BSO/saline, p<0.0001.



diet was most likely marginal in Zn. Msr activity (combined MsrA and
MsrB) in the liver and kidney were not affected by a Zn main effect. How-
ever, in the brain, Msr activity somewhat paralleled the response of plasma
GPx and TRR activities to dietary treatment. Regardless of BSO/saline
treatment, when dietary Se was low, supplementation of Zn had little
effect on brain Msr activity. However, when Se was adequate, supplemen-
tation of Zn resulted in a decrease in the activity of brain Msr. This resulted
in a significant interaction between Se and Zn (p<0.002). The consequences
and causes of this observation (higher Msr activity in Se-adequate mice fed
low Zn compared to Se-adequate mice fed adequate Zn) are yet to be
determined. Because MsrB is a Zn-containing enzyme, it was hypothe-
sized that decreasing the dietary Zn would decrease rather than increase
the Msr (most likely MsrB) activity. The later unexpected result will have
to be further investigated to better characterize the involvement of Zn in
MsrB activity. Also, it is unknown to what extent, if any, Zn deficiency will
affect the activity of MsrA in various tissues.

Selenium deficiency in rats upregulates hepatic γ-glutamylcysteine
synthetase (22,23), the same enzyme that is inhibited by BSO. In rats, we
have shown that Se deficiency elevates plasma GSH (36% increase) and
decreases plasma homocysteine and cysteine (24). In the present experi-
ment, we found that Se deficiency in mice decreases plasma homocysteine
and cysteine but has no effect on plasma GSH. Thus, it appears that BSO
treatment is not confounded by Se deficiency in mice. Treatment with BSO
[2 mmol/kg body weight; based on a previous rat study (25)] was used to
put an additional oxidative stress on the mice. BSO specifically inhibits the
synthesis of GSH through inhibition of the enzyme γ-glutamylcysteine
synthetase (26,27). In rats, when BSO was injected twice per day for the
last 7 d of the experiment, blood total GSH decreased 71% (25). However,
in the present experiment, injection of BSO three times per week for the
last 3 wk had no significant effect on plasma GSH (Table 2). In all mice
except those fed no supplemental Se and low Zn, BSO treatment slightly,
but not significantly, reduced plasma GSH. This, in turn, might explain
why BSO had little effect on Msr activity.

The results show that there is an increased concentration of MetO rel-
ative to methionine in the liver of mice fed a Se-deficient diet. The increase
in MetO concentration in Se-deprived mice was not unexpected, as over
half of the known selenoproteins have been found to have antioxidant
functions (28,29). Also, our results show that marginal Zn deficiency has
little effect on Msr, that the oxidative effects of limited BSO treatment did
not upregulate Msr activity, and that Se deficiency significantly lowers the
activity of liver, kidney, and brain Msr. The design of the experiment, how-
ever, did not allow us to draw conclusions on the effect of marginal Se
deficiency or supranutritional Se on the activity of Msr. Animal and
human studies have shown cancer protection to be associated with intakes
of Se greater than those needed for maximal activity of the most studied
selenoprotein, GPx. It is not known if the activity of MsrB (or MsrA) is
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maximal at the dietary requirement of Se for the mouse [0.15 µg Se/g (11)].
Interestingly, TRR appears to be regulated by a different mechanism—one
that is dependent on both Se supply as well as oxidative stress level and
certain phytochemicals in the diet (30,31). This might be important to
MsrA and MsrB activities, as these enzymes are linked to the thiore-
doxin–TRR system to provide reducing equivalents needed for reduction
of MetO to methionine. Thus, future studies are planned to determine the
effect of supranutritional Se on Msr A and MsrB activities.
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